The accuracy and repeatability of atomic force microscopy (AFM) imaging significantly depend on the accuracy of the piezoactuator. However, nonlinear properties of piezoactuators can distort the image, necessitating sensor-based closed-loop actuators to achieve high accuracy AFM imaging. The advent of high-speed AFM has made the requirements on the position sensors in such a system even more stringent, requiring higher bandwidths and lower sensor mass than traditional sensors can provide. In this paper, we demonstrate a way for high-speed, high-precision closed-loop AFM nanopositioning using a novel, miniaturized MEMS position sensor in conjunction with a simple PID controller. The sensor was developed to respond to the need for small, lightweight, high-bandwidth, long-range and subnm-resolution position measurements in high-speed AFM applications. We demonstrate the use of this sensor for closed-loop operation of conventional as well as high-speed AFM operation to provide distortion-free images. The presented implementation of this closed-loop approach allows for positioning precision down to 2.1 Å, reduces the integral nonlinearity to below 0.2%, and allows for accurate closed loop imaging at line rates up to 300 Hz.
Introduction
Piezoelectric actuators are extensively used in a variety of scanning applications such as scanning tunneling microscopes (STMs) and atomic force microscopes (AFMs) to move a sample or probe with nanometer resolution 1, 2 . However, nonlinear behavior of piezoactuators, such as hysteresis, creep and thermal drift, significantly affects positioning precision and results in image distortion 3, 4 .
To account for these nonlinearities, two general types of control approaches are used: openloop feed-forward input shaping or closed-loop feedback systems. In the first case, the appropriate piezo drive signal to linearize the motion of the scanner is calculated from a mathematical model [5] [6] [7] [8] . This is a well-known and simple approach to control the drive signal, but linearization is often not perfect, since hysteresis is scan-size and scan-speed dependent.
Closed-loop feedback systems can address hysteresis, creep and drift and have therefore become the preferred method to reduce the nonlinearity of piezoactuators [9] [10] [11] [12] [13] , as thoroughly discussed in a review paper by Fleming 14 . By comparing the real position (measured by a low-noise, precise position sensor) with the demanded position, a closed-loop real-time controller compensates the errors between the two trajectories. However, accurate and timely measurement of the real position is required for adequate tracking performance. Depending on the performance of the position sensor and the implementation, closed-loop feedback can otherwise add additional noise, introduce additional nonlinearities or cause phase loss. Much work has been done to develop long-range, high-resolution, high-bandwidth, and highly linear position sensors. Nevertheless, combining all these properties in a single sensor is a challenging task 14, 15 , and therefore a tradeoff has to be made based on the particular application. Position sensors that have been used for nanopositioning applications include capacitive sensors 16 , linear variable differential transformer (LVDT) 17 , piezoresistive and piezoelectric strain gauge 18, 19 , optical 20 , interferometry 21 , electrothermal 22 and giant magnetoresistance (GMR) 23 sensors. Each of these sensor types has relative strengths and weaknesses for nanopositioning applications. Optical sensors provide high-resolution and high-bandwidth positioning capability but often require expensive components 14 . Nonoptical sensors like capacitive sensors have high bandwidth and good resolution but have internal nonlinearity, which requires additional nonlinearity compensation 14 . Resistive strain gauges are simple and low cost, and can be bonded into the actuator, however the temperature sensitivity and nonlinearity need to be considered 14 . LVDT sensors provide high-resolution, large-range and linear positioning but suffer from a low bandwidth 17 . GMR sensors may provide high-bandwidth and high-resolution position sensing, but cannot be used in applications where magnetic fields can deteriorate imaging accuracy.
While these sensors perform well for normal-speed AFM, most are expensive, require nonnegligible forces, and/or add a significant amount of moving mass to the scanner. This added mass is an especially severe problem for high-speed AFMs, since the moving mass determines to a large extent the structural resonances and therefore the maximum achievable scan speed 24 . In this work, we present a small, lightweight and batch-fabricated microelectro-mechanical system (MEMS) position sensor 25 implemented in closed-loop configuration in a standard as well as a high-speed AFM. This MEMS sensor uses mechanical deamplification flexures to adapt the sensor dynamic range to the scan-range of the scanner.
These flexures are fabricated with sidewall-embedded piezoresistors for position sensing. The sidewall-embedded piezoresistors are inherently matched and result in intrinsic thermal stability as well as high sensitivity. These properties, combined with the low stiffness and low mass of the MEMS sensors, are essential to achieving the high resolution, low drift and high bandwidth of the closed-loop AFM scanner presented in this work.
Experimental setup and controller implementation

Sidewall piezoresistive position sensor
Closed-loop positioning performance depends considerably on the position sensor as the measuring device. To reduce the tracking error, the resolution, bandwidth and linearity of the sensor are primary concerns. Many SPM applications also require a relatively large range of motion (up to hundreds of micrometers), which is often achieved with a reduced resolution of the position sensor. In addition, the sensor should have high mechanical sensitivity and small thermal sensitivity for accurate measurement.
The presented piezoresistive MEMS strain sensor is based on recently developed sidewalldoped piezo-resistive strain sensors with mechanical deamplification for extended ranges 25 . Figure 1(a) illustrates the layout of one of the position sensors with 500 µm range of motion; The resolution of the positioning stage is specified at 2 nm with a nonlinearity of 0.1%.
Figure 1(e) shows that the linearity of our 500µm position sensor tested over 82 µm (the full range of the reference stage) is better than 0.15%.
Closed-loop implementation
Piezotube scanners are very popular for AFM instruments, since they provide a large range of motion, have high resolution and can be easily used as 3D nanopositioners. The drawback of the tube design is its relatively low lateral stiffness, making it sensitive to the mass and loads that might be applied by position sensors. Many conventional nanopositioning sensors are therefore not suitable for use with piezo tubes. The sensor presented in this paper is compact and lightweight, with high displacement sensitivity and has a very low stiffness, and thereby does not restrict the motion of the piezo tube.
Here, we retrofitted a commercial 120 µm sample scanner (J scanner, Digital Instruments, Santa Barbara, USA) with 500-µm-range sidewall-embedded MEMS sensors for the X and Y axes respectively. In order to accurately position the sample, the position sensors are placed on top of the piezotube scanner as close as possible to the scanned sample. The moving part of the sensor is attached to a PCB that is glued on top of the scanner, and the stationary part is attached to a thin ring that is mounted around the piezo-guard (see figure 2(a)). 
Implementation in a commercial AFM with a piezoelectric tube scanner
In general, the non-ideal behavior of piezoactuators causes several kinds of artifacts in AFM imaging. Figure 3 figure 3(b) ). On the other hand, closed-loop scanning compensates the undesired mismatch between images and provides repeatable scanning (see figure 3(c) ). 
Implementation in a custom high-speed AFM
Much progress has been made in the area of high-speed AFM in recent years, with improvements for example in cantilevers [29] [30] [31] , detection systems 30 , controllers and scanner designs 32, 33 . Obtaining high scanner resonance frequencies often requires very small and compact scanner designs 34 . Operating such high-speed scanners in closed-loop faces two additional challenges over conventional scanners: 1) a high sensor bandwidth with low noise density is necessary to maintain high-resolution closed-loop imaging over a larger frequency spectrum.
2) The size and mass of the sensor should not significantly increase the overall scanned mass, in order to not reduce the resonance frequency of the whole system 35 .
We upgraded our homebuilt piezo-stack high-speed scanner 31 with two 100-µm-range position sensors to measure the lateral displacement (see figure 6(a) ). The scanner is operated using a high-speed AFM controller (Anfatec AFT-MMC50, Germany) with a high-speed piezo amplifier (Techproject, Austria). We used the same FPGA as for the tube scanner implementation for closed-loop feedback. 
Discussion
The performance of the sidewall piezoresistive position sensor shows great promise for lateral closed-loop AFM applications. The inherent linearity of the sensor simplifies implementation for electronics and signal processing. The position sensor's size and ease of use make it possible to install it in close proximity to the sample without impeding the scanner motion.
The AFM images demonstrate adequate hysteresis, creep and drift removal in the implemented closed-loop system.
A drawback of our implementation is the need for crosstalk compensation between the X, Y, and to some extent Z-axis. Both the tube and flexure-based scanner implementations are parallel kinematic designs in the XY plane 36 . Therefore any motion in X will also lead to a motion in the Y axis, and vice versa. Additional cross coupling will occur in the sensors 
Conclusion
In this work, we have presented a lateral feedback implementation using monolithic, sidewall- The PID gains are adjustable on the front panel of the LABVIEW code. The output of the PID is amplified with home built high voltage piezo amplifiers and then applied to the scanner.
Lateral noise measurement
The additional lateral noise in the closed-loop AFM image originates from the readout electronics, FPGA setup, the position sensor itself, as well as the existing position noise of the open-loop system. To characterize the total lateral noise in closed-loop imaging we recorded the amplitude variation on a tilted mica sample with a slope of 30° in amplitude modulation mode, with a scan size of 0 nm while holding the position constant and using very low Zfeedback gains (just sufficient not to drift off the surface). The total noise consists of the vertical noise in Z and the lateral noise for each X and Y directions scaled by the 30° angle.
The lateral noise has been projected given the fact that the sample was tilted and has been compared for both open and closed-loop systems.
Conventional AFM imaging
We used a Bruker multimode in contact mode with retrofitted J scanner (digital instruments, Santa Barbara, USA). The low-voltage signals for X and Y scanning were outputs from the controller and reshaped through our closed-loop system. The compensated low voltage signals were then input to the controller.
High-speed AFM imaging
For high-speed AFM imaging we used an Anfatec controller (Anfatec AFT-MMC50, Germany) in high-speed contact mode. Our home built small lever head [27] was placed on our custom designed high-speed scanner [31] using a Bruker FastScan-C cantilever. Having the position sensors on the scanner, we implemented the closed-loop system on a LabVIEW FPGA as discussed in the main text.
